We characterized a new pathway to induce tolerogenic dendritic cells (DCs) following treatment of human monocyte-derived DCs with proteases from the fungus Aspergillus oryzae (ASP). ASP-treated DCs (ASP-DCs) exhibit a CD80 2 CD83 2 CD86 2 Ig-like transcript (ILT)2 2 ILT3 2 ILT4 + phenotype, do not secrete cytokines or chemokines, and express tolerogenic markers such as glucocorticoid-induced leucine zipper, NO synthetase-2, retinaldehyde dehydrogenase-1 or retinaldehyde dehydrogenase-2. When cocultured with naive CD4 + T cells, ASP-DCs induce an anergic state that can be reversed by IL-2. Generated T cells mediate a suppressive activity in third-party experiments that is not mediated by soluble factors. A comparison between dexamethasonetreated DCs used as a reference for regulatory T cell-inducing DCs and ASP-DCs reveals two distinct phenotypes. In contrast to dexamethasone, ASP treatment induces glucocorticoid-induced leucine zipper independently of glucocorticoid receptor engagement and leads to NF-kB p65 degradation. Abrogation of protease activities in ASP using specific inhibitors reveals that aspartic acid-containing proteases are key inducers of regulatory genes, whereas serine, cysteine, and metalloproteases contribute to NF-kB p65 degradation. Collectively, those features correspond to a previously unreported anergizing phenotype for human DCs. Such regulatory mechanisms may allow fungi to downregulate host immune responses and provide clues for new approaches to treat proinflammatory disorders. FIGURE 8. Tolerance induction by ASP is independent of the GR and involves p65 degradation. A, DCs were treated with DEX and ASP with or without RU-486 for 6 or 24 h. Cells were lysed and GILZ protein expression was assessed by Western blotting using a rabbit anti-GILZ pAb. Membranes were stained with amidoblack as a loading control. Results are expressed as fold increases in protein expression determined as a ratio between normalized intensities of treated cells and untreated cells. Results are representative of three independent experiments. B, p65 expression was analyzed by Western blotting in DCs incubated for 15, 30, or 60 min with either LPS, DEX, or ASP. C, p65 expression was analyzed by Western blotting in DCs incubated for 30 min with either LPS, DEX, ASP, ASP preincubated with specific protease inhibitors, or heat-inactivated ASP. DCs treated with proteases inhibitors alone were used as controls.
D endritic cells (DCs) are specialized APCs playing a pivotal role in the induction of both immunity and tolerance (1) . Depending upon the type of pathogen encountered and the profile of costimulatory and T cell-polarizing molecules engaged, DCs drive the development of Th1, Th2, Th17 effector, or suppressive/regulatory T cells (2) (3) (4) (5) (6) (7) . Regulatory T cell (Treg) generation is currently considered as a potential treatment for autoimmune diseases (8) , graft-versus-host disease (9) (10) (11) , or allergy (12, 13) . Thus, the induction of tolerogenic DCs supporting suppressive T cell responses while downregulating effector responses can be considered as an approach to control a variety of inflammatory disorders.
Several studies have demonstrated that Treg-promoting DCs can be generated in vitro following treatment with biological (e.g., IL-10, TGF-b) or pharmacological agents (recently reviewed in Ref. 14) . Most particularly, DCs conditioned with dexamethasone (DEX-DCs) present a semimature phenotype and prevent the upregulation of costimulatory molecules as well as the secretion of proinflammatory cytokines like IL-12 (15) (16) (17) . Such DEX-DCs inhibit the proliferation of allospecific T cells (18, 19) , prolong allograft survival in mice (20) , and decrease the number of IFN-gproducing CD4 + T cells, but support the differentiation of IL-10producing type 1 Tregs (Tr1) (15, 21, 22) . Besides their capacity to elicit suppressive T cells, tolerogenic DCs are commonly defined based on the expression of various surface markers such as Ig-like transcript (ILT) molecules (4, (23) (24) (25) (26) (27) (28) , transcriptional regulators like glucocorticoid-induced leucine zipper (GILZ) (29) (30) (31) , or enzymes such as retinaldehyde dehydrogenase (RALDH) (32) (33) (34) (35) (36) or NO synthetase-2 (NOS-2) (37) , all contributing to their functional properties.
In this study, we describe a new pathway to induce tolerogenic DCs following treatment with proteases from the Aspergillus oryzae fungus. A. oryzae is used for the production of traditional fermented food such as soy products as well as enzymes, antibiotics, beverages, and volatile compounds (38) . In this study, we demonstrate that protease from A. oryzae (ASP)-DCs exhibit a tolerogenic phenotype distinct from other conventional regulatory DCs such as DEX-DCs.
Materials and Methods
Reagents ASP is a protease-peptidase complex produced by submerged fermentation of A. oryzae, which contains both endoprotease and exopeptidase activities (Sigma-Aldrich, St. Louis, MO). This product complies with the recommended purity specifications for food-grade enzymes issued by the Joint Food and Agriculture Organization/World Health Organization Expert Committee on Food Additives and the Food Chemicals Codex. In selected *Stallergènes, Antony Cedex 92183, France; and † Universud, INSERM Unité Mixte de Recherche 996, Faculté de Pharmacie, Université Paris Sud 11, 92296 Chatenay-Malabry, France experiments, culture supernatants were filtered through 10-kDa cutoff filters (Amicon; Millipore, Billerica, MA) to remove small molecules.
DC generation and in vitro stimulation
Human PBMCs were separated out of buffy coats obtained from healthy volunteers (Etablissement Français du Sang, Rungis, France) by centrifugation over a Ficoll-Paque plus gradient (PAA Laboratories, Les Mureaux, France). To generate monocyte-derived DCs, 5 3 10 8 -8 3 10 8 cells were cultured at 37˚C, 5% CO 2 , in RPMI 1640 medium with stable glutamine supplemented with 10 mg/ml gentamicin, 50 mM 2-ME, 1% nonessential amino acids (all obtained from Invitrogen, Carlsbad, CA), and 10% FCS (Gentaur, Brussels, Belgium). After 1 h, nonadherent cells were removed, and adherent cells were further cultivated for 6 d in presence of human rGM-CSF and rIL-4 (Gentaur) using 100 and 50 ng/ml concentrations, respectively. After 6 d, a pure population of DCs was obtained, with .95% CD14 2 CD1a + cells detected by flow cytometry using a FC500 cytometer and the CXP analysis software (Beckman Coulter, Villepinte, France). Up to 10 6 DCs were plated in a 24-well plate in presence of medium, ASP (0.2-20 mg/ml), DEX (1 mg/ml [2.5 mM]; Sigma-Aldrich), or highly purified LPS from Escherichia coli (1 mg/ml; InvivoGen, Toulouse, France) for 24 h at 37˚C and 5% CO 2 . In some experiments, LPS and DEX or ASP were added together. For signaling experiments, RU-486 (kind gift of Michel Renoir) was added to the culture at a 1 mM concentration.
Analysis of cell-surface markers, cytokine, and chemokine production
For immunofluorescence staining, cells were harvested, washed in PBS, and incubated for 20 min at 4˚C with the following mAbs: FITC anti-CD80, PE anti-CD86, PE-cyanin-5 anti-CD83 (Beckman Coulter), FITC anti-ILT2, PE anti-ILT4, and PE-cyanin-5 anti-ILT3 (R&D Systems, Lille, France). Cells were stained with corresponding isotype-matched control mAbs. Samples were analyzed by flow cytometry with results expressed as mean variations in percentages of positive cells.
Cytokine measurement was performed in supernatants using the cytometric bead array technology. IFN-g, IL-1b, IL-2, IL-6, IL-8, IL-9, IL-10, IL-12p70, IL-13, IL-17A, and TNF-a were measured using the Human Inflammatory CBA kit or CBA Flex sets (BD Biosciences, Le Pont de Claix, France) and analyzed by flow cytometry according to the manufacturer's instructions using an FACSArray instrument and the FCAP Software (BD Biosciences). Chemokine release was measured in DCs FIGURE 1. ASP-DCs exhibit a tolerogenic phenotype. Monocyte-derived immature DCs were obtained from PBMCs of healthy donors (n = 4). Cells were incubated with medium, DEX (1 mg/ml), ASP (20 mg/ml), LPS (1 mg/ ml), or combinations for 24 h. Expression of various costimulatory (CD80, CD83, CD86) or inhibitory molecules (ILT2, ILT3, ILT4) was assessed using specific Abs and flow cytometry analysis (A). Results are expressed as the mean variation 6 SEM in percentages of positive cells when compared with untreated DCs. Supernatants were tested for the presence of IL-1b, IL-6, IL-8, IL-10, IL-12p70, and TNF-a by cytometric bead array (B) or CCL-1, CXCL-10, CCL-17, CCL-19, CCL-21, and CCL-22 by ELISA (C). Treatments were compared with controls (unless stated otherwise). *p , 0.05, **p , 0.01 were considered significant (Kruskall-Wallis test). supernatants using Duoset ELISA kits (R&D Systems) for CCL-1, CXCL-10, CXCL-12, CCL-17, CCL-19, CCL-20, CCL-21, and CCL-22 according to the manufacturer's instructions.
RNA isolation and quantitative real-time PCR analysis
Total RNA was extracted from DCs after a 24-h treatment (unless otherwise specified) using the RNeasy Mini kit (Qiagen, Courtaboeuf, France), and cDNAs were synthesized using TaqMan reverse transcription reagents (Applied Biosystems, Les Ulis, France) as per the manufacturer's instructions. mRNA expression was evaluated by quantitative PCR on a 7900HT Real-Time PCR system (Applied Biosystems) with predesigned TaqMan gene expression assays and reagents, according to the manufacturer's instructions. Expression of the following genes was assessed in DCs: GILZ (Hs00608272_m1), IDO (Hs00158032_m1), NOS-2 (Hs00167248_m1), RALDH-1 (Hs00167445_m1), and RALDH-2 (Hs00180254_m1). Data were interpreted for each target gene in comparison with endogenous b-actin (Hs99999903_m1) as a control. The relative amount of target genes in each sample was calculated in comparison with the calibrator sample using the DD cycle threshold (Ct) method. The magnitude of gene induction was calculated using the equation 2 2DDCt = 2 2(DCt for stimulated cells 2 DCt for unstimulated cells) .
DC/T cocultures, anergy, and apoptosis assessment
For DC/T coculture experiments, treated DCs were washed twice with medium and cultured in a 24-well plate with allogeneic CD4 + naive T cells at a 1:10 DC/T ratio for 5 d. Naive CD4 + T cells were isolated from PBMCs by negative selection using the MACS naive CD4 isolation kit II (Miltenyi Biotec, Paris, France), according to the manufacturer's instructions. Such naive T cells were confirmed to be .95% pure based on CD3, CD4, and CD45RA expression evaluated by flow cytometry. Supernatants were analyzed for cytokine release as described earlier. FOXP3 expression was assessed on cocultured T cells after fixation, permeabilization, and staining using a FOXP3 staining kit (eBioscience, San Diego, CA). For measurement of anergy induced in cocultured T cells, CD4 + T cells were isolated using a Dynal negative CD4 + T cell isolation kit (Invitrogen) and cultured 2 d in medium (resting state). T cells were CFSE labeled (Invitrogen) and restimulated with medium, IL-2 (1000 U/ml; Roche Applied Science, Meylan, France), anti-CD2, -CD3, and -CD28 beads (using one bead per two cells; Miltenyi Biotec), or both during 3 d. Percentages of CFSE-proliferating T cells were assessed by flow cytometry.
To assess potential apoptosis, DCs or T cells were stained with the Vybrant apoptosis kit (Invitrogen) using Annexin V-FITC and propidium iodide (PI) as per the manufacturer's recommendations. Dinitrochlorobenzene (DNCB; Sigma-Aldrich) at a 500 mM concentration was used as a positive control for apoptosis and necrosis induction as suggested by others (39, 40) .
T cell suppressive assays CD4 + CD25 2 responder cells were isolated using the MACS CD4 + CD25 + regulatory T cell isolation kit (Miltenyi Biotec) through collection of the negative fraction. Cells were CFSE labeled and plated with anti-CD2, -CD3, and -CD28 beads (ratio 1:1). Cocultured T cells were added at various ratios ranging from 1:2 to 8:1 responder/cocultured T cells and further incubated for 3 d. As negative controls, responder cells and cocultured cells were cultured alone with or without anti-CD2, -CD3, and -CD28 beads. All dilution series were carried out in duplicate, and responder cell proliferation was assessed by flow cytometry.
Impact of soluble factors on T cell suppression was analyzed by incubating CFSE-labeled CD4 + T cells stimulated with anti-CD2, -CD3, and -CD28 beads with 4, 20, or 100 ml supernatant from treated DCs/T cells cocultures. Percentages of proliferating cells were determined after 5 d by flow cytometry. PMSF, 10 mg/ml aprotinin, and 10 mg/ml leupeptin, all purchased from Sigma-Aldrich). Homogenates were centrifuged at 15,000 rpm for 20 min at 4˚C and supernatants collected. Protein concentration was determined by the Bradford method (protein assay; Bio-Rad, Marnes-la-Coquette, France), and equal amounts of denatured proteins were loaded onto an SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane (Invitrogen). After a 1 h blocking step with TBS containing 3% BSA, membranes were incubated with either rabbit polyclonal Abs raised against GILZ (41) or a rabbit anti-p65 subunit of NF-kB mAb (Santa Cruz Biotechnology, Santa Cruz, CA). Using an HRP-conjugated anti-rabbit secondary Ab (Jackson ImmunoResearch Laboratories, Baltimore, MD), immunoreactive bands were detected by chemiluminescence (SuperSignal West Pico; Fisher Scientific, Illkirch, France). Membranes were stripped (ReBlot Plus Mild Ab Stripping Solution; Millipore) and reprobed with an mAb against b-tubulin (Sigma-Aldrich) as loading control or stained with amidoblack (Sigma-Aldrich). Band intensity was determined using Bio1D software (Vilber Lourmat, Marnes-La-Vallée, France).
Western blot analysis

Protease-specific inhibition
ASP was incubated with protease inhibitors for 1 h prior to incubation with DCs or heat inactivated at 100˚C for 15 min. Specific inhibitors used included a mix of metalloprotease inhibitors, the serine protease inhibitor Pefabloc SC (4 mM; Roche Applied Science), the cysteine protease inhibitor E64 (12 mM; Roche Applied Science), and the aspartic protease inhibitor 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP; 9 mM; Acros Organics, Gell, Belgium).
Statistical analysis
Data are expressed as mean 6 SEM. Statistical differences between groups were assessed using the multiple comparison, nonparametric Kruskall-Wallis test. Treatments were compared with controls (unless stated otherwise), and p , 0.05 and p , 0.01 were considered significant. Statistical and graphical analyses were performed using Prism 5 software (GraphPad, La Jolla, CA).
Results
ASP prevents DC maturation while inducing tolerogenic markers
We first investigated the effect of ASP on the expression of costimulatory (CD80, CD83, CD86) or inhibitory receptors (ILT2, ILT3, ILT4) in monocyte-derived DCs (Fig. 1A ). DCs cultured with medium, LPS, or DEX were used as controls. Combinations of LPS and DEX or ASP were also tested to detect potential crossinhibitory effects of those molecules. As expected, LPS increased surface expression of CD80, CD83, and CD86 molecules, whereas DEX had no significant effect on the basal expression of these molecules. ASP induced a complete inhibition of CD80 expression on DCs. Regarding inhibitory molecules, DEX-DCs upregulated ILT2, whereas ASP-DCs rather expressed ILT4 while losing surface expression of ILT2 and ILT3. When tested in combination with LPS, DEX did not induce any changes in surface expression of such molecules when compared with LPS alone. In contrast, LPS-ASP-DCs exhibited a phenotype similar to ASP-DCs (i.e., CD80 2 CD83 low CD86 low ILT2 2 ILT3 2 ILT4 + ), indicating a dramatic antimaturation effect.
We next monitored cytokine and chemokine secretion by treated DCs. LPS induced IL-6, IL-8, IL-10, IL-12p70, TNF-a, CCL-1, and CXCL-10 production by DCs, whereas DEX did not induce any of these molecules in comparison with untreated DCs (Fig.  1B, 1C ). ASP-DCs did not secrete cytokines or chemokines (with the exception of 25 pg/ml IL-8) and even showed a reduced basal secretion of IL-10, TNF-a, CCL-17, CCL-21, and CCL-22. The inhibitory effect of ASP was also confirmed on cytokine and chemokine expression because LPS-ASP-DCs secreted substantially less of those molecules when compared with LPS-DCs (Fig. 1B, 1C ).
The expression of various genes involved in the induction of suppressive responses was quantified by real-time PCR after incubation of DCs with LPS, DEX, or ASP ( Fig. 2A) for 24 h and compared with DCs incubated in medium alone. As expected, LPS did not induce GILZ, NOS-2, or RALDH-1/2 gene expression in DCs but significantly upregulated IDO. DEX slightly induced NOS-2, RALDH-1, and IDO but markedly increased GILZ gene expression. ASP increased GILZ, NOS-2, RALDH-1, RALDH-2, but also IDO gene expression in a dose-dependent manner, thus leading to a tolerogenic phenotype distinct from DEX-DCs.
We further compared the kinetics of gene expression within 1-48 h following treatment with either DEX or ASP (Fig. 2B, 2C) . DEX treatment induced an early and rapid upregulation of GILZ, beginning 1 h after treatment, whereas GILZ was induced only 16 h after ASP treatment. RALDH-2 was also significantly upregulated following ASP treatment, and the latter also induced an earlier and much stronger expression of RALDH-1 when compared with DEX treatment. Collectively, those experiments indicate that ASP-DCs exhibit a tolerogenic phenotype distinct from regulatory DEX-DCs.
ASP treatment does not induce apoptosis of DCs
Because apoptotic DCs have been shown to induce tolerance (42, 43) , we investigated whether ASP treatment induces DC apoptosis. DCs were treated with LPS, DEX, ASP, or DNCB (500 mM) as a positive control for 24 h. Annexin V/PI staining indicated that, in contrast to DEX, ASP rather reduces apoptosis and necrosis of DCs (Fig. 3A, 3B) . Thus, tolerance induction by ASP-DCs is not due to apoptosis induction.
ASP-DCs induce FOXP3 2 anergic CD4 + T cells with a suppressive activity
We next analyzed the polarization of naive allogeneic CD4 + T cells after coculture with treated DCs. To this aim, DCs were first incubated for 24 h with LPS, DEX, or ASP, then washed and cocultured with CD4 + T cells. Th cell polarization was monitored after 5 d by measuring cytokine levels in culture supernatants (Fig.  4A ). As expected, LPS and DEX-DCs induced IFN-g and IL-10 production by T cells, respectively. In contrast, ASP-DCs markedly decreased the secretion of most cytokines tested (i.e., IFN-g, IL-9, IL-10, and IL-13) when compared with control CD4 + T cells. TGF-b secretion was slightly increased in ASP-DC/T cell cocultures (Fig. 4B ), but this variation was not statistically significant.
To analyze the impact of ASP-DCs on Treg generation, we monitored FOXP3 intracellular expression in CD4 + T cells after 4 d of coculture. As shown in Fig. 4C 
, no FOXP3 was detected in T cells incubated with DCs treated with either DEX or ASP. Thus, ASP-DCs support the differentiation of CD4 + T cells that do not express FOXP3, whereas T cells induced by DEX-DCs produce IL-10.
To investigate the functionality of CD4 + T cells differentiated in presence of ASP-DCs, we quantified IL-2 secretion by cocultured T cells and restimulated them after a resting period of 2 d, with IL-2, a polyclonal stimulus (i.e., anti-CD2, -CD3, and -CD28 beads), or both to assess whether T cells were anergic. T cells generated after control or LPS-DCs exposure secreted IL-2 (data not shown) and proliferated in response to all stimuli tested (Fig. 5 ). In contrast, T cells cocultured with DEX-DCs or ASP-DCs did not secrete IL-2 (not shown) and exhibited a lower proliferation following polyclonal stimulation. Interestingly, whereas DEX-DCs induced a nonreversible anergy, the anergic state of T cells cocultured with ASP-DCs could be reversed by IL-2 supplementation. The T cell unresponsiveness induced by ASP-DCs or DEX-DCs was not due to apoptosis because none of the treatments tested changed significantly the relative proportion of early apop- The Journal of Immunology totic (Annexin V + PI 2 ) and dead cells (Annexin V + PI + ) when compared with T cells cocultured with untreated DCs (Fig. 6A) .
To determine the suppressive capacity of T cells generated by ASP-DCs, the proliferation of responder CD4 + CD25 2 cells was assessed following polyclonal restimulation in the presence of varying ratios of purified cocultured T cells. As shown in Fig. 6B , ASP treatment induced T cells which inhibited responder T cell proliferation at a ratio of 2:1 responder/cocultured cells and below.
In comparison, DEX-DCs induced suppressive T cells inhibiting responder T cell proliferation at every ratio tested. Thus, ASP-DCs induce suppressive T cells with a reversible anergic phenotype in contrast to DEX-DCs, which rather promote the differentiation of strongly suppressive T cells with an established anergic phenotype.
To further evaluate mechanisms involved in this suppressive effect, CFSE-labeled CD4 + T cells stimulated with anti-CD2, -CD3, and -CD28 beads were incubated with conditioned medium from various DC/T cocultures. As shown in Fig. 6C , supernatants from DEX-DC/T cell cocultures inhibit T cell proliferation, whereas ASP-DC/T cell coculture supernatants had no effect. These results confirm that in contrast to Tr1s induced by DEX-DCs, the suppressive effect of T cells generated by ASP-DCs is not mediated by soluble factors.
Aspartic acid-containing proteases are responsible for regulatory gene induction
We subsequently investigated which components of ASP were responsible for the observed tolerogenic effect in DCs. In a first set of experiments, we tested whether small molecules from ASP were potentially involved in the induction of regulatory genes. ASP samples were filtered through 10 kDa cutoff filters, and both the filtrate and retentate were incubated with DCs for 24 h prior to measuring GILZ, NOS-2, RALDH-1, and RALDH-2 gene expression. As shown in Fig. 7A , the filtrate did not induce any of the tested genes, whereas the retentate had a preserved capacity to induce GILZ, NOS-2, RALDH-1, and RALDH-2 genes, demonstrating that small molecules (,10 kDa) were not involved in the induction of regulatory genes. DCs were subsequently treated with ASP, for which protease activity had been inactivated by heat (100˚C for 15 min) as a positive control or by specific protease inhibitors. Preincubation of ASP with metallo-, serine, or cysteine protease inhibitors did not prevent the induction of regulatory genes (Fig. 7B) . In contrast, the aspartic acid protease inhibitor EPNP completely inhibited RALDH-2 and partially GILZ, NOS-2, and RALDH-1 gene expression. Together, these results demonstrate that aspartic acid-containing proteases from A. oryzae are critical for the induction of regulatory genes.
Tolerance induction by ASP is independent of the glucocorticoid receptor and involves p65 degradation
To further document that distinct molecular mechanisms underlie the induction of tolerogenic DCs following DEX or ASP treatment, we compared GILZ induction in ASP-DCs and DEX-DCs in presence or absence of RU-486, a known glucocorticoid receptor (GR) inhibitor. As shown in Fig. 8A , RU-486 significantly inhibited GILZ expression in DEX-DCs but had no impact on GILZ expression in ASP-DCs, indicating that GILZ was induced by a GR-independent pathway in ASP-DCs in contrast to DEX-DCs. These data also confirmed that GILZ was induced later, not only at a transcriptional but also at a protein level in ASP-DCs when compared with DEX-DCs. We subsequently investigated a potential involvement of the NF-kB pathway in ASP-mediated tolerance. Although we did not see any change in IkB expression in ASP-DCs, we could demonstrate that ASP inhibits LPS-FIGURE 6. ASP-DCs induce nonapoptotic T cells with a suppressive capacity. A, For apoptosis assays, T cells were harvested at day 6 and labeled with Annexin V/PI. Percentages of PI 2 /Annexin V 2 , PI 2 /Annexin V + , and PI + / Annexin V + cells were determined by flow cytometry (mean 6 SEM using samples from four healthy donors). B, To measure T cell suppressive activity, CD4 + CD25 2 responder cells were isolated using the CD4 + CD25 + regulatory T cell isolation kit through collection of the negative fraction. Cells were CFSE labeled and plated with anti-CD2, -CD3, and -CD28 beads (ratio 1:1). Cocultured T cells were added at ratios ranging from 1:2 to 8:1 responder/cocultured T cells and incubated for 3 d. All determinations were carried out in duplicate, and responder cell proliferation was assessed by flow cytometry. C, The potential involvement of soluble factors on T cell suppression was analyzed by incubating CFSE-labeled CD4 + T cells stimulated with anti-CD2, -CD3, and -CD28 beads, with 4, 20, or 100 ml supernatant from treated DC/T cell cocultures. Percentages of proliferating cells were determined after 5 d by flow cytometry. Treatments were compared with controls.
induced NF-kB translocation (not shown). We also observed an early degradation of p65 (i.e., within 15 min) in ASP-DCs but not in DEX-DCs ( Fig. 8B ), suggesting that ASP treatment may inhibit the NF-kB pathway in a distinct manner. To investigate which proteases were potentially responsible for p65 degradation, we incubated ASP-DCs with specific protease inhibitors. Surprisingly, aspartic acid protease inhibitor did not prevent p65 degradation in contrast to serine, cysteine, and metalloprotease inhibitors, as shown in Fig. 8C . As a control, heat-inactivated ASP completely prevented p65 degradation in DCs. Collectively, these results indicate that proteases from ASP may synergize to induce tolerance, with aspartic acid-containing proteases inducing regulatory genes and serine, cysteine, and metalloproteases contributing to p65 degradation.
Discussion
Tolerogenic DCs are physiologically important because they can induce Tregs, preventing or controlling autoimmunity, allergy, and graft rejection (8) (9) (10) (11) (12) (13) . As of today, various conditioning strategies are being considered to generate tolerogenic DCs. This includes DC treatment with anti-inflammatory cytokines (IL-10, TGF-b) (4, 44, 45) , neuropeptides (46, 47) , immunosuppressive drugs (e.g., dexamethasone, mitomycin C, rapamycin) (16, 19, 48, 49) , or vitamins (1,25-dihydroxy-vitamin D3, vitamin A) (16, 17, 35, 50, 51) . Genetic engineering of DCs has also been used to enhance the expression of IL-10 (52), TGF-b (53), soluble TNFR (54), intracellular CTLA-4 (55), or FOXP3 molecules (56) or to prevent activation of the NF-kB pathway (57) .
In this study, we identified a new pathway to induce tolerogenic DCs by treating monocyte derived-DCs with proteases from A. oryzae, a fungus commonly used to produce traditional fermented food, enzymes, antibiotics, beverages, and volatile compounds (16) . Our results demonstrate that treatment with ASP induces DCs with a CD80 2 CD83 2 CD86 2 ILT2 2 ILT3 2 ILT4 + phenotype, which do not secrete cytokines or chemokines and upregulate well-known tolerogenic markers such as GILZ (29, 30) , IDO (58-60), NOS-2 (61, 62), RALDH-1, or RALDH-2 (35, 51, 63, 64) . ASP-DCs are clearly different from DEX-DCs because the latter promote the generation of anergic IL-10-producing Tr1s with a suppressive activity partially mediated by soluble factors, in agreement with the literature (15, 16) . In contrast, ASP-DCs rather induce anergic suppressive CD4 + T cells, which do not express FOXP3 or secrete IL-10, but secrete low amounts of TGF-b. Importantly, the suppressive effect of such T cells could not be correlated with the production of soluble factors. Inhibition studies further highlighted the involvement of various proteases within ASP in the induction of regulatory properties in DCs.
Our results are in agreement with other studies suggesting a potential tolerogenic role of Aspergillus-derived molecules. Aspergillus infection was reported to induce the generation of IDO + tolerogenic DCs promoting the local recruitment of CD4 + CD25 + Tregs (65) . These cells suppressed Th2 responses to the fungus through the combined action of IL-10 and CTLA-4, suggesting that such regulatory mechanisms operating at the level of DCs may be used by fungi to dampen host immune responses and induce a state of immune tolerance (65) . In support of this hypothesis, we observed that culture supernatants from other Aspergillus strains such as A. fumigatus or A. niger also induce a regulatory DC phenotype (not shown). Interestingly, various A. fumigatus components have been shown by others to exhibit dramatically different immunomodulatory properties. For example, secreted proteins induce Th2 cell activation, glycolipids Th17 responses, membrane proteins mixed Th1/Treg responses, and polysaccharides mostly stimulate IL-10 production (66). Among those molecules, a protease has been shown to induce Th1/Treg responses in murine and human immune cells (66) . Live A. fumigatus was also shown to downregulate the proinflammatory function of mouse airway DCs exposed to mite allergens (67) . In contrast, other studies rather suggested that ASP treatment leads to partially matured DCs, driving a Th2 cell polarization with IL-4 and IL-5 production (68) and allergic lung inflammation in mice (69) . Reasons for these discrepancies are presently unclear but could be due to fungal strain differences or to the impact of ASP on other cells beyond DCs, such as basophils or epithelial cells, which in those experimental systems could contribute to Th2 polarization (70) (71) (72) .
Mechanisms involved in tolerogenic properties of both ASP-DCs and subsequently generated suppressive T cells support the novelty of the described phenotype. In comparison with DEX-DCs, ASP-DCs induce a similar upregulation of GILZ, but signaling pathways involved are distinct. Moreover, NF-kB inhibition is linked to p65 degradation in ASP-DCs only.
ASP-DCs also upregulate both RALDH-1 and RALDH-2, two enzymes responsible for the conversion of vitamin A to retinoic acid. This latter metabolite has been described as a crucial inducer of FOXP3 + and IL-10-secreting Tregs (64, 73) . Noteworthy, none of the latter molecules were found in CD4 + T cells cocultured with ASP-DCs, indicating that other regulatory mechanisms are involved. ILT4 could contribute to the tolerogenic effect of ASP-DCs following interaction with HLA-G as reported for IL-10-DCs (4). Although both treatments induce anergic T cells (74, 75) , generated cells are different because only IL-10 DCs induce bona fide Tr1s (4). ILT3 and CCL-22 are specifically downregulated in ASP-DCs but not DEX-DCs. Similarly, DCs treated with vitamin D receptor agonists are distinct, because they upregulate ILT3 and IL-10, induce CD4 + FOXP3 + suppressive T cells, and enhance the production of the CCL-22 chemokine recruiting Tregs (76) .
Altogether, our work points to a new, potentially important, pathway to induce tolerogenic anergizing DCs. This pathway may be used in vivo by fungi for subverting the immune system and inducing a state of unresponsiveness. ASP treatment could also be of clinical interest to specifically downregulate unwanted immune responses and establish tolerance in transplantation, autoimmunity, or allergy.
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